The goal of the present study was to assess a soil seed bank as an input seed source for revegetating lead/ zinc (Pb/Zn) mine tailings. The seed bank source was abandoned farmland, whose top 10-cm layer of topsoil contained 6,850 Ϯ 377 seeds/m 2 from 41 species. The seeds in the soil were principally distributed in the upper 0-2 cm, which held 75.8% of total seeds and 92.7% of species composition. The top 2-cm layer of topsoil may be sufficient to serve the purpose of providing a seed source for revegetation on derelict lands, including mined lands. Four different thicknesses of topsoil (1, 2, 4, and 8 cm, redistributed from the total 0-10-cm layer from the farmland) were field-tested on the Pb/Zn mine tailings. There was no significant difference in seedling density among the 4 thickness treatments. Many seeds in the treatments with more than 1-cm of topsoil were unable to emerge from the deeper layer. Seedlings in plots with topsoil of 1-, 2-and 4-cm failed to establish within 1 year due to the extremely high acidity (pH 2.39 to 2.76). A shallow layer of topsoil cannot neutralize the sulfuric acid generated from oxidation of pyrites in the tailings. For establishment of seedlings on metalliferous lands, an insulating layer such as subsoil, building rubble, or domestic refuse is necessary before covering with valuable topsoil. The woody legume Leucaena leucocephala grown on the tailings with a topsoil cover of 8-cm was the most dominant species. Lead was accumulated in root, branch, stem bark, and xylem, which accounted for more than 80% of the total metal concentration in the plant. This portion of Pb will reside in the plant for a long period, while the smaller portion of Pb in the leaf (about 15%) could be returned to the environment as litter during growth. Woody plants may have an advantage in metalphyto-remediation over herbaceous plants.
Introduction
N atural revegetation occurs slowly on most degraded sites, including mined lands. Degraded sites in Singapore are colonized by a pioneer community of 13 species, which is replaced after 20 to 50 years by a secondary forest with 35 to 64 species (Corlett 1991) . In Texas, woody species established as early as 5 years after mining (lignite surface mine), but canopy cover attained only 14-35% on 20-to 30-year-old sites, respectively (Skousen et al 1990) . Slow colonization is due to the extreme soil characteristics of degraded sites, and the difficulties that adapted species have in immigration (Ash et al 1994) . Therefore, introduction of plant species on these sites is more effective in increasing species richness and ground cover (Gardiner 1993; Ash et al 1994; Chapman & Younger 1995) . Soil seed banks are important contributors to species richness and plant density in revegetation and reclamation of disturbed land. The seed and vegetative fragments contained in topsoil may enable native species to reestablish on most degraded lands without further assistance (Bradshaw & Chadwick 1980) . The eruptions of 1977 The eruptions of -1978 on Mount Usu in northern Japan resulted in almost complete destruction of vegetation by a 1-3 m thick accumulation of volcanic deposits. Erosion created gullies that removed these deposits, exposing original soil, from which annual and perennial herbs emerged first. Seedling mortality was extremely high, and these herbs disappeared after several years, mostly due to instability of the ground surface. Nitrogen-fixing and stoloniferous perennials also derived from the seed bank gradually increased in cover and became large enough to flower (Tsuyuzaki 1994; Tsuyuzaki & Del-Moral 1994) . In freshwater wetland restoration, importing from wetland seed banks enhanced successful restoration (Vivian & Handel 1996; Brown & Bedford 1997) . However, the cost and availability of topsoil limited the application of topsoil for restoration of mine sites (Bradshaw & Chadwick 1980) . To lower the cost, it therefore seems necessary to use a shallower layer of topsoil. The main objectives of the present study are (1) to compare the efficiency of different thicknesses of topsoil (1, 2, 4 and 8 cm) as seed sources for revegetating lead/zinc (Pb/Zn) mine tailings, and (2) to study the phyto-remediation potential of plants derived from the soil seed bank on such tailings.
Materials and Methods

Experiment 1: Study of Soil Seed Bank
The source of topsoil was farmland formerly used for cultivating upland crops such as sweet potato and peanut, that had been abandoned for 5 years. The area, located in the north of Guangdong Province, People's Republic of China (lat 25 Њ 7 Ј N, long 113 Њ 20 Ј E), has a subtropical climate, with an average annual rainfall of 1,522 mm. The mean annual temperature is 19.6 Њ C, and the mean monthly temperatures in July and January are 28.4 Њ C and 8.6 Њ C, respectively.
The existing vegetation included native weeds and some seedlings of an introduced woody species Leucaena leucocephala (whitepopinae leadtree ), grown on the periphery of this farmland as a shelterbelt. Twelve random 1 ϫ 1-m quadrats were used to study species composition of the existing vegetation. Thirty samples of topsoil (10 ϫ 10 cm, divided into litter and 0-2; 2-5; 5-10 cm) were also collected randomly to determine seed load and species composition of the soil seed bank.
The soil samples were spread on plastic sheets and allowed to air-dry in the laboratory before being sieved through a 1-cm mesh to remove stones. The samples for each depth interval of sieved soil were mixed thoroughly, placed in opaque plastic bags, and stored at 4-5 Њ C for 3 months (Johnson 1975; Thompson & Grime 1979; Pratt et al 1984) .
Each composite depth interval was divided into 5 samples of equal weight. Replicate samples were spread to a depth of less than 2 cm on trays filled with 5 cm of sterilized sand and placed in a greenhouse, using a randomized block design. A tray filled with sterilized sand alone was also placed among the sample trays in the greenhouse to detect the presence of any airborne seed. The trays with soil were placed over trays of the same size containing tap water, which was automatically siphoned into the trays from below. Seedling numbers were recorded every 2 days and removed. Unidentifiable seedlings were transplanted to a pot and grown until flowering. Observation lasted for 90 days, until very little germination was recorded (Johnson 1975; Thompson & Grime 1979; Pratt et al 1984) .
The floristic similarity of species composition between the existing vegetation and soil seed bank was expressed by the Coefficient of Community (CC) (Whittaker 1975): where Sa and Sb are the species numbers of existing vegetation and soil seed bank respectively; Sab is species number in both existing vegetation and soil seed bank.
Experiment 2: Germination and Establishment from Topsoil
Placed on Lead/Zinc Tailings
The field trial was carried out on the tailings pond of the Lechang Pb/Zn Mine in northern Guangdong Province. The surface layer of the tailings was acidified and hard. The tailings pond had been abandoned for 5 years and was still bare, although it was surrounded by hills with well-developed vegetation.
The tailings were ploughed and broken with a rake, and then divided into plots of 1 ϫ 1-m by bricks, which were constructed 15 cm higher than the ground level. Topsoil from the abandoned farmland was scraped down to a 10-cm depth and spread directly onto tailings in 1-, 2-, 4-, and 8-cm thick layers, with three replicates for each thickness. Three additional plots without topsoil cover were installed as a control to test if any seeds originated from airborne dispersal. The plots were kept moist by daily watering.
Samples of the topsoil and tailings were collected before spreading. After the topsoil was spread, five 20 ϫ 20-cm quadrats were marked with nylon line at the 4 corners and the center of each plot, and used to count the number of emerged seedlings and estimate the cover at monthly intervals. After one year, topsoil and surface tailings of the same thickness were collected. The aboveground plant biomass was divided into 2 portions: ground cover and tree seedlings. The ground cover was harvested, dried at 70 Њ C, and weighed. The basal stem diameter (D) and height (H) of tree seedlings were measured, and biomass was estimated based on their diameter (D) and height (H), using the formula described by Day et al (1987) .
The allocation of roots in layers of topsoil and underneath tailings was expressed as dry weight per unit volume of soil/tailings. Five 10 ϫ 10-cm quadrats of soil were randomly collected from the plots (divided into topsoil and tailings layers of equal thickness). The soil and tailings portions were placed in a 1-mm mesh bag to wash and remove stones and sand. The roots were dried at 70 Њ C and weighed.
Soil and tailings pH and electrical conductivity (EC) were determined using a 2:1 (by volume) water/airdried soil slurry. Total sulfur (S) content of tailings samples was determined using a Perkin Elmer 2400 CHNS Analyser (Series II, Perkin Elmer, U.S.A.). After digestion of soil samples with concentrated H 2 SO 4 with the addition of catalyst mixture of K 2 SO 4 and CuSO 4 ؒ 5H 2 O,
total nitrogen (N) content was determined by Indophenol-Blue method, and total phosphate (P) content by Molybdenum-Blue method (Kalra & Maynard 1991) . The total concentrations of Pb, Zn, copper (Cu), and potassium (K) of soil, tailings, and plant samples were determined using an Atomic Absorption Spectrophotometer 3100 (Perkin Elmer, U.S.A.) after digestion with concentrated HClO 4 and HNO 3 , while the samples were extracted by 1M NH 4 Cl for exchangeable contents (Sparks et al 1996) . The potential for acid-forming of the tailings was estimated by Net Acid Generation (NAG, kg H 2 SO 4 /t) using the method of Finkelman and Giffin (1986) .
Datasets were contrasted using t -tests and Duncan's Multiple Range Test available in the SAS statistical package. ). Leucaena leucocephala was the only woody species, with seeds dispersed from the surrounding shelterbelt. Seeds were mainly distributed in the top layer of 0-2 cm, which accounted for 75.8% of the total seed number, while seed numbers in layers 2-5 and 5-10 cm accounted for 13.1% and 11.1%, respectively. Twenty species were recorded in both the soil seed bank and existing vegetation, and floristic similarity of species composition between soil seed bank and extant vegetation was 56.3%.
Soil Seed Bank as a Seed Source in Revegetating Pb/Zn
Mine Tailings
One year after set up, the 1-cm layer of topsoil originally placed on top of tailings had penetrated beneath tailings. The chemical properties of soil and tailings before and after the experiment are shown in Table 2 . The significant increase in extractable Pb, Zn, and Cu concentrations was mainly due to the acidification of tailings which enhanced metal solubility, while the decrease of total Pb and Zn concentrations could be explained by the dilution of soil penetrating into tailings. The significant increase of total and extractable metals in cover soil might be due to the upward movement of metals from tailings. The tailings had 23% S content. The potential of acid forming of tailings was 99.5 kg H 2 SO 4 /t. The tailings underneath soil cover of all treatments were seriously acidified with pH (below 3.0) lower than the topsoil. Both 2-and 4-cm layer treatments had the lowest pH, but there was no significant difference between soil and tailings underneath. Although pH (5.38) of soil of the 8-cm treatment was significantly higher than those covered with 2 and 4 cm of topsoil, it was significantly lower than the original topsoil (pH 6.65). Results presented here indicated that at least 8 cm of soil cover was necessary for revegetating the tailings. Total seedling density/m 2 varied from 803-1,327 plants/m 2 but was not significantly different among soil depth treatments from 1 to 8 cm. Of the total 4,008 seedlings, about 94% were dicotyledons and 6% were monocotyledons.
Seedling density varied in different treatments during the first 6 months (Fig. 1) . The seedlings in the treatments with 1-and 2-cm thickness of topsoil died within 3 months. Ground coverage changed in plots of 4-and 8-cm thickness (Fig. 2) . Plants in plots with 4-cm topsoil gradually died within 1 year, while ground coverage in plots with 8-cm thickness reached 100% after 6 months. The species composition, seedling densities, and biomass of the treatment with 8-cm layer of topsoil are listed in Table 3 . The biomass of L. leucocephala was calculated using stem diameter and height. The results revealed that tree seedlings were dominant in terms of both coverage and biomass. It was also found that seedlings of L. leucocephala had many root nodules. Gramineous plants such as Setaria viridis, Paspalum thunbergii, and P. distichum dominated the ground cover, and 11 species formed flowers and fruits.
Roots were principally concentrated in the soil layer, 12.1 (4.3) g/1,000cm 3 , which accounted for 96.3% of the total root biomass. The main root of L. leucocephala was largely in the soil layer, and only a small portion of 4.7 (0.4) g/1,000cm 3 (3.7% of the total root biomass) extended to the tailings (8-16 cm) underneath the soil layer.
Sida rhombifolia accumulated the highest Pb concentration in both root and leaf. Paspalum thunbergii had the lowest ratio of metal concentration in tops and roots (Table 4 ). The woody plant L. leucocephala was sampled, and biomass and metal (Pb, Zn, and Cu) concentrations Table 3 . The seedling density, percent cover, and biomass of the plots with 8-cm thickness of topsoil one year after commencement of the experiment. of its different organs were determined (Table 5) . Total translocated metal (metal concentration in the organ times its biomass) was calculated following the method described by Brown et al (1994) . Greater portions of Pb, Zn, and Cu had accumulated in the root, branch, stem bark, and xylemthan in the leaf; Pb accounted for more than 80% of the total amount absorbed by the plant.
Discussion
In open-cast mining and similar forms of mineral extraction topsoil is removed, stored, and replaced to achieve restoration. Topsoil may be obtained from other sources, including land to be destroyed by road development, mine tailings ponds and mine waste heaps. In the present project, 76% of the total seeds and 93% of the species were stored in the 0-2 cm surface layer. It seems, therefore, that the top 2-cm layer of topsoil may be sufficient to provide the seed source for restoration. Using only the 2-cm layer may reduce the cost of topsoil (Tacey & Glossop 1980) .
Although both the quantity of the topsoil used and the estimated seed load differed with different thickness of topsoil, there was no significant difference in seedling density. In a study on seedling emergence of 12 selected species buried at different depths, Grant et al (1996) found that most seeds were either unable to emerge or had significantly reduced in emergence from burial 5 cm deep. In the present study, seedling emergence from 1-cm cover of topsoil was similar to that from each of 2-, 4-and 8-cm thickness. Therefore, with respect to providing sufficient seedling density, a 1-cm layer of topsoil may attain an effect similar to thick topsoil. However, seedlings of thin soil cover, such as 1, 2 and 4 cm, failed to persist for more than a year, due to the extremely high acidity. The Pb/Zn mine tailings contained a high amount of S (in the form of pyrite) and had a high acid-forming potential, with pH of the tailings layer decreased to 2.3-2.7. The pH values of Pb/Zn tailings drainage generally ranged from pH 2.9 to 4.2 (Dean 1982) . The shallow layer of topsoil was not able to neutralize the sulfuric acid generated from the tail- ings layer. The pH of topsoil also declined to 2.54-2.79 in plots with topsoil layers of 2 and 4 cm, compared with pH 5 of the 8-cm layer after 1 year. In plots with 8-cm topsoil a number of plants survived and even flowered and fruited. The results indicate that the trial site (mine tailings pond) differs considerably from derelict land. To establish seedlings on such metalliferous land, the use of subsoil, building rubble, or domestic refuse is necessary to isolate the toxic tailings before placing topsoil (Bradshaw & Chadwick 1980) . These materials can form an impermeable seal that reduces tailings' contact with oxygen, thereby reducing the oxidation (acidification) process and buffering the impact of buried tailings on topsoil. This, followed by the use of a shallower topsoil, say 1-cm thick, can serve the purpose of providing species richness and seedling density in revegetating metal mine tailings. Appropriate concentrations of Zn and Cu are essential for plant growth. The concentrations of Zn and Cu in tissues of four dominant plants in the present study fall into the sufficient or normal range with Zn from 27-150 mg/kg and Cu from 5-30 mg/kg (Kabata-Pendias & Pendias 1984), except for roots of P. thunbergii and P. distichum. The Zn concentrations in roots of these two species were 344.2 and 331.9 mg/kg. As for toxic element Pb, the "normal" concentrations in tissue of plants growing in uncontaminated and contaminated soils were known to be about 0.1-10 mg/kg and 30-300 mg/ kg, respectively (Kabata-Pendias & Pendias 1984; Ross 1994) . The Pb concentrations in tissues of 4 dominant plants in the present study fall into the range of plants grown on contaminated soil. However, our previous greenhouse experiment (Zhang et al 1996) indicated that metal concentration in tissues of seedlings of Acacia confusa and L. leucocephala grown on Pb/Zn tailings decreased steadily over a growth period of 120 days. The 3 dominant herbaceous species have had different metal uptake patterns as well as different adaptation to the toxic metal tailings. The shoot-to-root ratio for Pb in P. thunbergii was lower than those of the other two plants P. distichum and Sida rhombifolia. The high ratio indicates that a greater portion of the total metal in the plant is sequestered in harvestable tissue (Brown et al 1994) . Those plants with a higher ratio will have a higher phyto-remediation potential. Plants with low shoot-toroot radios for Pb, such as P. thunbergii in the present study, should grow better on metalliferous land because the transport of Pb from roots to tops is comparatively restricted (Sudhakar et al 1992) .
Woody legumes perform best on tin (Sn) mine tailings and pulverized fuel ash waste sites, because, apart from being N-fixing, their roots can penetrate into deeper, moist layers (Piha et al 1995) . In the present study, root nodules were formed in L. leucocephala derived from the soil seed bank. The lead-uptake pattern of L. leucocephala revealed that considerable Pb was accumulated in the root, branch, stem bark, and xylem, accounting for more than 80% of total metal in this plant. A greater portion of Pb would reside in the plant for a rather long period, while the small portion of Pb in the leaf (15%) would be recycled to the environment as litter during growth. It seems, therefore, that such woody legumes may have a greater advantage in metal-phytoremediation than herbaceous plants. The shoots of herbaceous plants, which contained rather higher Pb concentration, would become litter during their growth.
